This article presents the developed methodology for the numerical simulation of radiation heat transfer from water panel heaters and optimization results of water temperature in the supply pipeline from the mass flow rate of the heat-carrier and the surface area for a given thermal power of the panel system. A numerical mathematical model is developed in the assumption that heat transfer occurs by means of radiation heat exchange by longitudinal ribs and pipes, which are thermally insulated on top. It is assumed that the temperature of the rib base is equal to the temperature of the outer wall of the pipe. The irregularity of the radiation density in different directions depends on the angle and distance to the irradiated area. The aim of the work is to develop a methodology to simulate the heat transfer processes of a radiation panel water heating system and optimization of design and operating parameters. The radiation intensity is determined by a numerical method using the MATLAB software package. Our results of experimental studies of the radiation flux density are presented and compared with the results of numerical ones. The thermodynamic efficiency of a panel heating system is analyzed using the entropy production method (exergy destruction). The multicriteria optimization of water temperature in the supply pipeline is performed by LPτ-search. It is found that the unevenness of surface temperature of panels reaches 24.4% as well as for the panels of about 50m in length a decrease in water temperature to 20K is observed, which leads to the unevenness of radiation flux density over the heated area. The area of the cooling system as a function of water temperature and the conditions under which the entropy production in the system is minimal is determined.
. Structural shapes of the radiating planar panel: 1 is a pipe, 2 is a rib, 3 is an inner pipe, 4 is an outer pipe (protective casing), 5 is an upper half-pipe, 6 is an emitting part of the rib, 7 is a convective part of the rib, 8 is a lower half-pipe The main emitting panel surface is the surface of longitudinal flat ribs, through which the major share of the radiation heat flow is emitted. The energy equation for the ribbed-surface element is as follows [6, 7] :
.
where Tr is rib degree temperature; M is mass flow rate of the heat transfer; T h.t. is сoolant temperature
The loss of water pressure in the pipe is defined by the equation:
The efficiency coefficient of the ribbed radiating surface is defined by the equation:
Where ηr is a rib efficiency coefficient, which is determined by the relation, where m is an efficiency parameter:
The calculation of the radiator is reduced to the solution of the conjugate thermal-hydraulic problem, described by the equations (1) (2) (3) (4) . Radiant water panels which are used in heating systems are different from the space ones by materials and structurally, by the temperature level of heat-carriers and heat-exchange conditions, by hydraulic and operational modes. However, the available experience of creating the space cooling systems can be used at the same time. Therefore, simulation and optimization techniques of the radiant water panel parameters in the heating systems need to be clarified and improved. The problems of temperature-mode irregularity of the panel and working area heating, selecting the optimal panel location height and their surface area need examining.
Radiant panel water systems of buildings were studied in [3] [4] [5] [6] [7] [8] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . The [9] [10] [11] 16 -19] provides design guidelines panel systems.
The work [17] studied the performance of radiant ceiling panel in the classroom. The overall heat transfer coefficient for heating and cooling mode were 3.7 Wm -2 K -1 and 4.8 Wm -2 K -1 . The downward heat flux ratio was 61-65% for heating and 65-72% for cooling mode.
This article aims at determining an optimal simulation method for heat transfer calculation of slow thermal mass hot-water radiant heating/cooling panels. The results applied to a large range of panel geometries and operation parameters are given in [18] .
The work [19] presents the findings of a field study of occupant thermal comfort with radiant cooling system. The results indicated that there may be lower limits on air speeds to occupants. Statistical analysis indicated that thermal occupant loadings were free of significant correlation with personal, contextual and psychological factors.
One of the primary goals of the radiant heating/cooling community for the past two decades has been the fair and accurate comparison of radiant space conditioning systems with forced convention air systems [20] .
The work [21] reviews the practical applications in four major projects involving different building types located under different climatic conditions and presents the associated considerations in the system design.
The work [22] investigates various characteristics of radiant ceiling panel system and their practical application to office building.
The results of the investigation showed that the open-type cooling radiant ceiling panel could (CRCP) provide 54-80% higher nominal cooling than a conventional closed-type CRCP [23] .
The results of a hybrid numerical optimization study of a heating radiant panel system are given in [24] . The temperature control of the fluid is shown to be the most important parameter for maximizing comfort and minimizing energy consumption of hot-water heating radiant panels. The work presents the numerical study on radiant heating panels placed at different locations in the room as well as their effects on thermal comfort and the results of the numerical CFD analysis.
This experimental study is conducted under the location configurations of the three different wall panel arrangements for the seven water slow temperature values ranging from 30°C to 42°C. The total heat transfer coefficient of 8.4 Wm -2 K -1 is defined [25] . The heat transfer capability by radiation amounts to approximately 68% of the total number of different studies in question. We studied the effect of such parameters as mass flow rate, supply water temperature, fenestration and ventilation system effects and thermal load distribution [26, 27] . The application of water ceiling panel systems in the north of Europe is shown in [28] . The results of the experimental analysis are given.
However, the density of panel radiation irregularity in the function of the rib height is not well studied. The density of radiation irregularity from two (or three) panels is also not well understood. Thermodynamic analysis of heat exchange processes in heating/cooling systems is not performed in sufficient detail for various practical applications.
Mathematical model of infrared water panels
The purpose of creating a mathematical panel model is to determine its thermal power as well as the object irradiation intensity distribution at any given point. This panel, shown in fig. 2 , consists of the following elements, such as a pipes of 22 mm diameter (1), a collector (2), a lateral anti-convection overhang (3), insulation layer (4)
Fig. 2. General view of the panel
When creating a mathematical model one should take into account changes in temperature across the panel. The intensity of the radiation by means of the panel at a given point is determined by the numerical integration of all panel sections with different temperatures (Fig. 3 ). is water temperature at the input of the panel system, K; T'' w is water temperature at the output of the panel system, K; r is distance of the areas dF 1 -dF 2 , m; n 1 is a vector normal to the surface A; n 2 is a vector normal to the surface B; φ 1 is an angular coefficient of a radiation area of the surface A; φ 2 is an angular emission coefficient of the B surface area; dF 1 =dx A dy A is a differential radiation area of the surface A; dF 2 =dx B dy B is a differential radiation area of the surface B; h is the height of the panel, m, i.e. the distance between the centers of the elements of the areas dF 1 and dF 2 .
Fig. 3. Module design and calculation model element of the radiating surface
The temperature distribution across the panel depends on the temperature distribution in the panel rib. Since the temperature distribution in the rib is symmetrical in relation to its center, it is sufficient to determine the temperature distribution in the half-rib. This distribution is obtained by solving a differential equation of the thermal second-order conductivity:
This problem is a boundary one, i.e. the boundary conditions are given at the interval ends (rib boundaries):
Where T w is water temperature. The condition is due to the neglect of heat removal from the end of a thin edge (in other words, the condition is due to the small thickness of the plate). It is assumed that the panel surface temperature is equal to the temperature of water, T'=dT/dy, T 0 is air temperature, α -heat transfer coefficient. The value of α is 3,7 Wm -2 K -1 . When α is equal to 4,5 Wm -2 K -1 relevant data [2] and the calculations match better.
The linear density of the heat flow withdrawn from a perfectly conducting half-rib, i.e. when its temperature equals the Tw water temperature in pipes, is determined by the equation:
The linear density of the heat flow supplied to the half-edge and withdrawn from it is equal to:
Rib efficiency is the ratio of the heat flow being actually eliminated toward the flow being eliminated by the perfectly conducting rib, i.e.
= (9)
Total heat flow from the panel ribs, r Q , is:
Total heat flow from the pipes, pipe Q , is:
Total heat flow from the panel as a whole, Q , is:
Radiation heat panel flow is calculated like the total one for the ribs and the pipes separately. The density of radiation heat flow per rib width unit is determined by the equation:
To determine the q rad.r. radiation heat flow from ribs the given density must be integrated along the panel rib width or with the current rib temperature. Proper integration was implemented according to the trapz program of the MATLAB software. The radiation heat flow from pipes is determined according to the equation:
Radiation flow from the panel, rad Q , is:
Density irregularity of radiation in different directions depends on the angle and distance to the area being irradiated. The mutual area of the dF 1 bend radiation and dF 2 elementary area is determined by integrating dH 12 along the coordinate x A , i.e., along the strip:
Let us consider the integral:
Let:
Then:
Where:
Angular emissivity is: = or, given that:
To obtain area irradiation intensity it is necessary to integrate dQ across the panel, i.e., along the y A coordinate and divide the result by dF 2 area. In addition, if one takes into consideration that
where ε 1 and ε 2 are the emissivities of the corresponding surfaces, one can finally obtain:
If we neglect the change in temperature across the panel, i.e., its temperature is considered to be constant and equal to the water temperature, then the expression in the square brackets can be taken outside the integral sign and calculated in the following way:
Designating:
= − В ; = − В , we obtain:
Then we get the following at panel constant temperature T:
The I integral can be determined more easily by the numerical method. For this purpose the dblquad function of MATLAB program complex is used. The equations (22) and (25) make it possible to determine the radiation intensity of any elementary area with x В , y В coordinates. Entropy production in heat exchange with the (fencing, air) consumer panel system was determined by the equation (26) similarly as in [29, 30] :
where Tw' (K) and Tw'' (K) are heat transfer (water) temperatures at the input and output of the panel system, respectively; Q p (W) is thermal power of the panel system, T 0 (K) is the temperature of fencing construction and air. This technique was used for the optimization of heat-exchanger parameters of heat pipes [31] .
The first term of this equation is a decline in the water entropy, the second one is an increase in the entropy of a consumer. Given the thermal power Q p , the second term of the equation (28) is constant. The first term can be written as:
   ratio is close to the unity, then:
Thus, ΔS is practically independent from the Mc p flow-rate heat capacity and, hence, from water flow-rate, and the equation (29) is converted to (31): 
Simulation and optimization were completed with using the method of LPτ-search [32] [33] [34] [35] .
Results and discussion
The graph of a typical temperature distribution along the rib height across the panel is given below (Fig. 4) . As it can be seen from Fig. 4 the distance between the pipes (rib width) substantially affects the panel surface temperature-profile irregularity, since at the water temperature of 363,15 K, the temperature of rib top is 341,15 K, i.e. it decreases by 24.4%. For panels of about 50 m long or more water temperature drop along the length is observed. Water temperature in the delivery pipe may be different from the temperature in the return pipe by 10 20 w w
, which leads to density irregularity of the radiant flow in the room space. Fig.5 shows the calculated curves of the relation between the object radiation intensity under the panel center and the panel height under the object and the corresponding experimental values [36, 37] . As it can be seen, there is a satisfactory agreement between the calculated and experimental data. The radiation intensity with increasing distance from 1 to 3 m decreases from 72 Wm -2 to 20 Wm -2 . The distance between the individual panels also affects the regularity of the radiant flow density in the room space. Fig.6 shows the distribution of the radiant flow density under the panel, set at height of 3 m and water temperature of 343,15 К.
Fig. 6 Intensity distribution of radiation at a distance from the normal under the panel, E [Wm -2 ]
As it can be seen, at a distance of 3m from the normal the heat flow density is reduced from 12 Wm -2 to 4 Wm -2 . Fig.7 shows the change in the density of the radiant flow under two panels located at the distance of 4 m from each other, the height of panel installation being 3 m and water temperature being 343,15 К.
Fig. 7. Distribution of irradiation from two panels, E [Wm -2 ]
According to the developer recommendations [1, 2] regularity of the radiant flow density is provided when installing panels at the distance among them being equal to the height of panel installation. As it can be seen from Fig.7 radiant flux density decreases from 13 Wm -2 to 9.8 Wm -2 , which indicates the validity of the distance between the panels, which may thus be increased by 25- The coefficient of determination is R 2 =99.6%. Residual variance with 13 degrees of freedom is S res 2 =3.87.
According to the results of computational experiment, the total thermal power of the Q total_panel (W) and its radiation thermal power Q rad (W) were determined according to the equations (12) and (15) .
The corresponding equations are: The factor x 4 (height) is not included in the equations for Q total and Q rad , since the thermal powers of the panel do not depend on the height. Fig. 8 shows thermal power of the panel in the function of temperature head [1] .
Fig. 8 Heat emission of the panel in the function of temperature difference (
) Temperature head is:
As you can see, the results of comparing the data of mathematical simulation are in satisfactory agreement with the results of the calculated and experimental data of other authors. Tables 1 and 2 show the results of numerical simulation and optimization of the radiant heating/cooling system parameters in the function of the influencing parameters with minimum entropy production. The relationship between water temperature in the Tʹ w delivery pipe and the M flow rate at a given thermal power of the Q 0 panel system was estimated in the process of simulation and optimization. The following equation was solved for this purpose:
where n is the number of panels in the bend, k is the number of panel bends. Only those equations for which 20
stand out of the total number of solutions of the equation (32) . Fig.  9 shows the level curves for a given thermal power Q 0 = 80000 W when the number of panels is 8, 10, 12 and 15. Entropy production ΔS along the level line with a given number of bends is almost unchanged, but with an increase in the number of bends, ΔS is reduced since it is possible to decrease the temperature Tʹ w . Pressure loss in the panel system Δp was calculated for each calculation variant. The entropy production as a function of water temperature and panel area for a given cooling power is shown in Fig. 10.   Fig. 10 . Cooling system area and the entropy production in the function of water temperature (cooling power of 15000 W) Since the pressure losses increase with the increase of the water flow rate, the minimum pressure losses occurring at the lowest water consumption, being equal in this case 1 kgs -1 are shown for each level line. Note that if we make the requirements for temperature difference more stringent, for example., by increasing the minimum flow-rate up to 2 kgs -1 , pressure losses will increase dramatically as well. Thus, the data shown in Tables 1 and 2 and in Fig. 11 allow the choice of the area of heating panels, water flow-rate and temperature in the supply pipeline to be defined and justified, which provide minimum entropy production. Fig.11 shows: (1) is 8 panels, Δp min = 9263 Pa, entropy production is 45.9 WK -1 ; (2) is 10 panels, Δp min = 5841 Pa, entropy production is 39.0 WK -1 ;
(3) -is 12 panels, Δp min = 4517 Pa, entropy production is 33.0 WK -1 ; (4) is 15 panels, Δp min = 3462 Pa, entropy production is 28.3 WK -1 Fig. 11 . Water temperature in the function of flow rate for heating systems with a different panel area (heating power 80000 W) parameters of the heating system at a given thermal power of 80000 W 
Conclusions
The development of radiation panel heating systems requires the improvement and creation of sufficiently accurate and easy-to-use calculation methods. A method has been developed for calculating radiation heat transfer, which makes it possible to determine the heating being uniform in height and area in the working area of production, shopping, sports and other premises. The optimization of heating system panel parameters showed the influence of the mass flow rate of water, the distance between the panel pipes and the distance between the individual panels. A significant decrease in the radiation intensity density of the panel at a distance from the normal is shown as well. So when installing the panel at a height of 3 m, the heat flux density decreases from 12 Wm -2 to 4 W/m² at a distance of 3 m from the normal. The effect of the distance between two panels on the radiation intensity has been determined. The distance value between two panels being equal to the height of the panels provides a change in the radiation intensity density over the heating area from 13 Wm -2 to 8-9 Wm -2 , which is permissible. A regression equation has been obtained to determine the heat capacity of the panel system depending on the number of pipes in the panel, the thickness of the panel rib and water temperature. The results of numerical optimization of heating / cooling systems with the use of minimization of entropy production as a criterion allow us to justify the parameters of the panel system, namely the number of panels and their area, mass flow rate and water temperature. The results of simulation provide an effective method of numerical study and optimization for the selection of a panel radiation-heating system using an entropy generation model. The method of simulation and optimization of water ceiling panels of radiation heating systems by a search method LPτ, taking into account the minimum entropy production has been developed. Designing and operating parameters of the system for heating and cooling buildings have been estimated. The effect of non-uniformity of the temperature field of radiant panels, the height of the panel placement and the distance among them as well as the temperature in the supply pipeline has been shown. The conditions under which the entropy production in the system is minimal are determined. Greek symbols α is a convective heat irradiation coefficient from the horizontal surface of the panel (facing downward) toward the air, [Wm -2 K -1 ] δ r is rib thickness, [m] ε is emissivity, [-] ξ is coefficient of local resistance, [-] σ 0 is Stefan-Boltzmann constant of anabsolutely black body, [Wm -2 ·K -4 ] η r is rib efficiency coefficient, [-] η rib is ribbed-surface efficiency, [-] λ, is coefficient of thermal conductivity, [Wm -1 ·K -1 ] λ r is coefficient of thermal conductivity of the rib, [Wm -1 ·K -1 ]  is density of water, [kgm -3 ] 
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